Magnetic susceptibility variations in the Chinese loess/palaeosol sequences have been used extensively for palaeoclimatic interpretations. The magnetic signal of these sequences must be divided into lithogenic and pedogenic components because the palaeoclimatic record is primarily reflected in the pedogenic component. In this paper we compare two methods for separating the pedogenic and lithogenic components of the magnetic susceptibility signal: the citrate-bicarbonate-dithionite (CBD) extraction procedure, and a mixing analysis. Both methods yield good estimates of the pedogenic component, especially for the palaeosols. The CBD procedure underestimates the lithogenic component and overestimates the pedogenic component. The magnitude of this effect is moderately high in loess layers but almost negligible in palaeosols. The mixing model overestimates the lithogenic component and underestimates the pedogenic component. Both methods can be adjusted to yield better estimates of both components. The lithogenic susceptibility, as determined by either method, suggests that palaeoclimatic interpretations based only on total susceptibility will be in error and that a single estimate of the average lithogenic susceptibility is not an accurate basis for adjusting the total susceptibility. A long-term decline in lithogenic susceptibility with depth in the section suggests more intense or prolonged periods of weathering associated with the formation of the older palaeosols.
1 INTRODUCTION of magnetic susceptibility. We also used the two methods to The purpose of this paper is to evaluate and compare two determine the magnetic mineralogy of the two components. methodologies that we have developed for separating the pedoThick sequences of interstratified loess and palaeosols from genic and lithogenic components of the magnetic susceptibility the Chinese loess plateau provide one of the most complete and most sensitive terrestrial records of environmental change signal of loess/palaeosol sequences. The focus of our attention is the upper part (L1-L6) of Jiaodao section in the Chinese over the past 2.5 million years (Heller & Liu 1986; Liu 1988; Kukla & An 1989; Kukla et al. 1990; An et al. 1991 ; Rutter central loess plateau (50 km north of Luochuan). The first method involves magnetic measurements before and after 1992). The alternating couplets of loess and palaeosols in the laterally extensive sequences are interpreted as having formed citrate-bicarbonate-dithionite (CBD) extraction of pedogenic iron minerals. The second method uses a mathematical in response to fluctuations in the strength of the dry, SiberianMongolian (winter) monsoon, and the wet, East Asian and mixing analysis that is based on the contrast in the frequency Indian (summer) monsoons (An et al. 1991) . The palaeosols that can be used as an alternative to the CBD procedure. The are believed to have formed during periods of diminished dust mixing analysis (TenPas 1997; TenPas et al. 1999 ) is based deposition and enhanced soil formation, when the regional on the (pre-CBD) magnetic susceptibility and its frequency climate was dominated by a strong summer monsoon. In dependence plus values of the inherent frequency dependence contrast, loess deposition prevailed when the regional climate of purely lithogenic and pedogenic material. These values can was dominated by a strong winter monsoon. At all times, be estimated from pre-CBD measurements or determined from however, loess deposition and pedogenesis were competing post-CBD measurements on a small subset of samples, thus processes, and only their relative strengths varied as the climate reducing the need for time-consuming extractions. fluctuated (Verosub et al. 1993; Fine et al. 1995) .
Because pedogenesis has enhanced the magnetic susceptibility of the palaeosols compared with the loess (Zhou et al. 1990 ; 2 MATERIALS AND METHODS Maher & Thompson 1991; Verosub et al. 1993) , variations in magnetic susceptibility of the Chinese loess/palaeosol sequences 2.1 Setting and sampling offer the potential for palaeoclimatic reconstructions (Heller et al. 1993; Maher & Thompson 1995; Liu et al. 1995; Han The Jiaodao loess/palaeosol section is located in the central et al. 1996) . Several studies have shown that the magnetic area of the Chinese loess plateau about 50 km north of the signal of these sequences can be divided into lithogenic and classic Luochuan locality. The mean annual precipitation of pedogenic components (Zhou et al. 1990 Fine et al. 1993; Evans & Heller 1994; TenPas 1997) .
Our samples come from 48 m of the upper part of the section The separation of the total susceptibility signal into its starting at approximately 5 m from the surface. They represent pedogenic and lithogenic components has been challenging. the lower part of the Malan loess (L1), and a large section of Several studies (Maher & Thompson 1992; Banerjee et al. the Lishi loess (S1-L6) (Kukla & An 1989) . Each bulk sample 1993; Beer et al. 1993; Heller et al. 1993; Forster et al. 1994) contained at least 200 g of material. Samples of loess L1 to L6 have used methods that are not accessible to most researchers, and intercalated palaeosols were collected at 20 cm intervals, such as 10Be, or that yield average lithogenic component while the transitions from loess to palaeosols were collected at estimates for the entire section. In contrast, our methods can 10 cm intervals. be used in most laboratories and yield estimates of the lithogenic and pedogenic components for each sample (Fine et al. 1993; Verosub et al. 1993; Fine et al. 1995; Singer et al. 1995) . Our approach involves differential dissolution of secondary 2.2 Laboratory procedures iron oxides using a citrate-bicarbonate-dithionite (CBD) treatSamples were air-dried and gently crushed to pass through ment as well as determination of pre-and post-CBD magnetic a 2 mm sieve. We then packed 4 g of material into small susceptibilities and their frequency dependence. The CBD (1.9×1.9×1.6 cm) plastic boxes for susceptibility measureprocedure (Mehra & Jackson 1960; Janitzky 1986) has been ments. Another 4 g of the same sample was treated with CBD used for years by soil scientists to selectively dissolve pedogenic following Janitzky (1986). The CBD extraction was done twice Fe-compounds. Our previous work (Fine et al. 1989; using 2 g additions of sodium dithionite each time. During 1993; Fine et al. 1995; Hunt et al. 1995; Singer et al. 1995) has the extraction, the samples were heated to 75°C. Following shown that the procedure is particularly effective at removing each extraction the sample was centrifuged, the supernatant maghemite and any antiferromagnetic components (such as was decanted, and the solid portion was washed with sodium haematite and goethite) as well as fine-grained magnetite. Since citrate. The supernatant from the wash was added to the other studies have shown that the lithogenic component in the original supernatant and saved for determination of CBDloess/palaeosol sequence is carried predominantly by coarseextractable Fe. A total of 4 g of sodium dithionite was used grained magnetite (Hus & Han 1992; Maher & Thompson for each 4 g of sample, and the total reaction time was 1 hr. 1992; Banerjee et al. 1993; Evans & Heller 1994) , the postThe solid residue was dried at 40°C and packed into a plastic CBD value of low-field magnetic susceptibility provides a good box for magnetic susceptibility measurements. first approximation of the contribution from the lithogenic High-(4.7 kHz) and low-(0.47 kHz) frequency magnetic component. However, since the lower limit of the grain size susceptibilities were determined on pre-and post-CBD samples distribution of the lithogenic component is not known and using a Bartington MS-2 magnetic susceptibility meter with since the CBD procedure is known to remove some fine-MS-2B sensor. For both pre-and post-CBD samples, the grained (<1 mm) synthetic magnetite (Hunt et al. 1995) , there frequency-dependent part of the susceptibility was calculated is the possibility that the CBD procedure may lead to an as the difference between the low-and high-frequency magunderestimate of the lithogenic component.
netic susceptibility values. (Note that in this paper, the term One goal of this paper is to estimate the degree to which 'frequency dependence of magnetic susceptibility' refers to the the CBD procedure removes lithogenic susceptibility from actual change in susceptibility rather than the per cent change loess and palaeosol samples and to calculate a correction factor for it. We also present and discuss a mixing analysis in susceptibility.)
The Fe extracted by CBD (Fe d ) was determined on a Jarrell magnetic susceptibilities and their frequency-dependent parts as discussed in Section 3.2. A summary of the symbols used Ash inductively coupled plasma spectrometer. Total Fe (Fe t ) was determined for a subset of Lishi samples using the plasma can be found in Table 1 . spectrometer after dissolution of the samples with HF.
To examine the effects of CBD on natural samples, we applied the stepwise CBD procedure used by Hunt et al. (1995) 3 RESULTS for synthetic samples to two loess/palaeosol samples from the upper part of the Jiaodao section and to 10 North American 3.1 CBD methodology loess samples. In this case, the samples were subjected to a four-step extraction using 1 g of sodium dithionite for each 3.1.1 Variations in magnetic measurements and iron step. The magnetic susceptibility of the solid residue was concentrations measured after each step.
Pre-CBD magnetic susceptibility (x pre ) represents the total magnetic susceptibility signal. Fig. 1 shows that palaeosols display significantly higher pre-CBD magnetic susceptibility 2.3 Mixing analysis values (120-300 × 10−8 m3 kg−1) and a higher per cent Mixing analysis (TenPas 1997; TenPas et al. 1999 ) is a frequency dependence (fd t = 8-12 per cent) than loess mathematical technique that assumes that a quantity being (25-75×10−8 m3 kg−1, 3-8 per cent, respectively) ( Fig. 1) . measured results from the admixture of two end members
However, x pre is dominated by the CBD-extractable magwith fixed properties. In this case, the two end members are netic susceptibility (x ext ) ( Fig. 1) , with palaeosols displaying the lithogenic and pedogenic components. The advantage of much higher values (100-290×10−8 m3 kg−1) than loess the mixing analysis is that more easily measured variables in (15-50×10−8 m3 kg−1). CBD treatment removes 80-95 per two sets of equations can be used to solve for variables that cent of the low-frequency susceptibility from the palaeosols, are more difficult to measure. We use the mixing analysis to but only 50-75 per cent from the loess. calculate the pedogenic and lithogenic contributions to the As discussed above, the post-CBD magnetic susceptibility susceptibility with the goal of reducing the number of time-(x post ) provides an estimate of the contribution from the consuming CBD extractions that are needed to estimate these lithogenic component. Compared with x pre , x post is generally contributions.
low and only moderately variable ( Fig. 1) . The values vary We begin by writing the total low-frequency susceptibility between 9 and 28×10−8 m3 kg−1, decrease with the depth as the sum of the component susceptibilities:
of the section, and display some higher-frequency variations (Figs 1 and 5).
CBD-extractable iron (Fe d ) is consistently higher in palaeosols (1-2 per cent) than in loess (<1 per cent) (Fig. 1) . Total where x t is the total low-frequency susceptibility and x l and x p Fe (Fe t ), which has been measured only in part of the section, are the lithogenic and pedogenic low-frequency susceptibilities, shows variations that are consistent with the alternation of respectively. Furthermore, loess-palaeosol layers as well ( Fig. 1 ). It is higher in palaeosols (3.5-4 per cent) than in loess (<3.5 per cent) ( Fig. 1 ). However,
where x fd t is the total frequency-dependent part of the susceptibility, and x fd l and x fd p are the lithogenic and pedo- genic contributions, respectively. We now assume that the frequency-dependent part of the pedogenic susceptibility is symbol description directly proportional to the pedogenic susceptibility itself, x pre pre-CBD low-frequency magnetic susceptibility and that the proportionality factor (the per cent frequency x post post-CBD low-frequency magnetic susceptibility dependence fd p ) is the same for all pedogenic material. We x ext CBD-extractable low-frequency magnetic susceptibility make the same assumption about the frequency dependence x fd pre pre-CBD frequency dependence of magnetic susceptibility of the lithogenic susceptibility and about its proportionality x fd post post-CBD frequency dependence of magnetic susceptibility factor (fd l ). Hence x fd ext extractable frequency dependence of magnetic susceptibility x t total low-field magnetic susceptibility is the same as x pre 
fd p pedogenic per cent frequency dependence fd l lithogenic per cent frequency dependence as shown by the Fe d /Fe t ratio (Fig. 1) , a greater percentage of CBD affects natural lithogenic magnetite. We found that the largest reduction in susceptibility occurred after the first step total iron is in the form of free secondary iron in palaeosols (40-60 per cent) than in loess (<40 per cent).
( Fig. 2) , which is consistent with the results of Hunt et al. (1995) for synthetic samples. After that, the effect on susceptibility decreased significantly and was progressively smaller with each subsequent step. These results suggest that there is almost 3.1.2 T he eVects of CBD extraction on natural lithogenic complete removal of pedogenic magnetic carriers after the first magnetite step, and complete removal after the second step of the treatment. The decreasing susceptibility reductions after subUsing stepwise CBD treatment, Hunt et al. (1995) showed that the standard CBD procedure completely dissolves synthetic sequent steps are ascribed to slow dissolution of fine-grained lithogenic magnetite. Based on these results, it appears that, magnetite grains smaller than 0.2 mm and that it removes 40-60 per cent of the magnetic susceptibility from synthetic in the future, when the CBD treatment is used to separate pedogenic and lithogenic components in a loess/palaeosol 1 mm magnetite grains. We have used the same stepwise approach on natural samples from Jiaodao and from North sample, one or two additions of dithionite might be sufficient (1 or 2 g of dithionite for 4 g of sample). American loess. Our goal was to evaluate the degree to which lack of a correlation is that the CBD procedure has removed 3.2 Mixing analysis some lithogenic susceptibility carried by detrital grains at the The mixing analysis requires that we have values for the per cent SP/SD (superparamagnetic/single-domain) boundary, where the frequency dependence of the pedogenic component fd p and the frequency dependence is the greatest. However, the explanation per cent frequency dependence of the lithogenic component may also be related to the instrumentation. The post-CBD fd l . The method will only work if there is a significant difference susceptibilities are only one order of magnitude larger than between the two parameters.
the detection limits of the Bartington bridge. Even though we To obtain an estimate of fd p , we add and subtract fd p x l to made four consecutive measurements of both low-and higheq. (3) and rewrite it as frequency susceptibility and four consecutive blank measurements in between, our data set still included many negative
values for x fd post . Such values are physically impossible and As noted above, x post provides a reasonable approximation of can only be explained by noise and instrumental drift. When x l . Furthermore, for the Jiaodao sequence, x post is constant to we set the negative values to 0, the correlation between x post first order so that the second term on the right-hand side of and x fd post improved (Fig. 3b) . Even though the regression line eq. (6) can be taken as a constant. In that case, the slope of the is not statistically significant because of the high scatter in the regression line between the pre-CBD magnetic susceptibility data, there is a positive correlation with the slope of 2 per (x t =x pre ) and its frequency dependence (x fd t =x fd pre ) can be cent. This value is close to that obtained from the pre-CBD used to determine fd p . Forster et al. (1994) defined this slope frequency dependence of the least weathered loess samples, as F c , the collective true frequency dependence, and found which can be regarded as an independent estimate. We therethat it varies between 9.4 per cent and 12.4 per cent for fore used 2 per cent as the value for fd l in the mixing analysis. soil sequences in the Chinese loess plateau, Tajikistan and We recognize that this value is not well-constrained and California. The highest value was that of the Luochuan section. probably represents only an upper limit for fd l . For Jiaodao, the regression analysis gives a value of 12.1 per For the palaeosols, the values of x p calculated from the cent (Fig. 3a) . Furthermore, all samples in the data set have a mixing analysis are generally in very good agreement with per cent frequency dependence lower than this value, which is the values of x ext determined by the CBD procedure (Fig. 4) . consistent with the assumption that fd p is the per cent frequency Where there are differences, x p is mostly lower, but usually by dependence of purely pedogenic material.
only a few per cent and only rarely by more than 20 per cent. Whereas it is relatively simple to determine fd p , it is more In contrast, for the loess, the values of x p are often somewhat difficult to estimate fd l , the per cent frequency dependence lower than the corresponding values of x ext , especially for of the lithogenic component. One possible approach would the upper two loess layers (L1 and L2). There x p generally be to use the relationship x fd l =fd l x l and the fact that x l and represents only 40-80 per cent of x ext . These differences x fd l can be approximated by x post and x fd post , respectively. between the two sets of estimates can be explained by the However, we found no statistically significant relationship between x post and x fd post . One possible explanation for the removal of lithogenic magnetite by the CBD procedure. able, and the relative peak heights conform to published data, especially those reported for the Luochuan section ( Fig. 1 ) (Kukla et al. 1988; Kukla & An 1989) . The amounts of total (Fe t ) and pedogenic iron (Fe d ) are higher in palaeosols than in loess (Fig. 1) . One could argue that the susceptibility enhancement in palaeosols could be ascribed to the higher total iron content. However, the ratio of total to pedogenic iron shows that a higher percentage of total iron has been transformed to pedogenic Fe-compounds in palaeosols than in loess. This confirms that the higher magnetic susceptibility in the palaeosols can be ascribed largely to in situ pedogenic formation of ferrimagnetic minerals and not to variations in the amounts of lithogenic ferrimagnetic minerals.
Although the estimates of lithogenic susceptibility based on the CBD procedure are generally lower and less variable than those based on the mixing analysis, both data sets show a long-term trend to lower values as loess and palaeosols become older (Fig. 5) . The long-term decline in estimated lithogenic susceptibility suggests that palaeoclimatic interpretations based only on total susceptibility will be in error and that a single estimate of average lithogenic susceptibility is not an accurate basis for adjustment of the total susceptibility. This long-term trend has several possible explanations: (1) a systematic but gradual change in the lithogenic magnetic mineralogy of loess from older to younger units; (2) a gradual increase in deposition of a minor CBD-resistant component such as cosmic dust or volcanic ash; or (3) in situ weathering of lithogenic magnetite, perhaps not only during pedogenesis but also after burial. We favour the hypothesis of in situ oxidation of lithogenic magnetite, either by more intense or longer periods of weathering in the lower portions of the sequence, or by a combination of surface weathering followed by slow long-term post-burial oxidation. The idea of more intense or longer periods of weathering in the lower portions of the sequence is consistent (Fig. 5) . A weighted least-squares procedure with a 10 per cent smoothing population was used
Estimates of the pedogenic susceptibility determined from CBD data and from the mixing analysis are very similar. In to reduce the variability. The smoothed curves for x l and x post show a similar long-term decrease with depth in the fact, the cross-correlation coefficient between x ext and x p is 0.997 (Fig. 6a) . Furthermore, the pedogenic component, as section but there are higher-frequency variations in the x l curve than in the x post curve. determined by either method, is the primary factor in determining the shape of the susceptibility curve, which confirms that the susceptibility enhancement is indeed of pedogenic 4 DISCUSSION origin.
In the palaeosols, the pedogenic susceptibility peaks from 4.1 Implications for interpretation of the palaeoclimatic the mixing analysis ( x p ) tend to be slightly lower than those record from the CBD procedure (x ext ). Two factors are involved here. The first is that x ext may be an overestimate of the actual The total low-field magnetic susceptibility curve for the Malan/Lishi part of the Jiaodao section is similar to curves pedogenic susceptibility because of the dissolution of lithogenic magnetite by the CBD procedure. The second is that x p may published for other loess/palaeosol sequences (Fig. 1) . Each of the major palaeosol and loess couplets is clearly distinguishbe an underestimate of the actual pedogenic susceptibility because the value we used for fd l is probably an upper limit. 4.2.1 Adjustment of the CBD estimates Nevertheless, because the lithogenic component makes only a small contribution to the total susceptibility of the palaeosols, As noted above, the CBD procedure dissolves some lithogenic magnetite and this leads to overestimation of the the peaks are not significantly changed if a correction is made for the effects of CBD on lithogenic magnetite or if there is a pedogenic component. Although the amount of extracted lithogenic susceptibility varies from sample to sample, we can small adjustment in the parameters of the mixing model.
In the loess layers, the lithogenic susceptibility removed by estimate an average amount of removed lithogenic susceptibility by comparing the collective average lithogenic susceptibility the CBD procedure or the uncertainties in the lithogenic susceptibility arising from uncertainties in fd l represents a ( x b of Forster et al. 1994) derived from the intercept of the regression between the pre-CBD susceptibility and its frenon-negligible contribution to the total apparent pedogenic susceptibility. However, even when these factors are taken into quency dependence (20.5×10−8 m3 kg−1) (Fig. 3a) with the post-CBD susceptibility ( x post ) averaged over the entire section account (see below), the pedogenic susceptibility component of the loess layers is still considerable (Fig. 4) . These results (17.2×10−8 m3 kg−1). As expected, the latter is lower because of the removal of lithogenic magnetic susceptibility. confirm our earlier findings ( Verosub et al. 1993 ) that the susceptibility in the 'unweathered' loess is both lithogenic and
To compensate for the effects of the CBD procedure on lithogenic magnetite, we multiplied x post by the CBD correction pedogenic, and that pedogenesis occurs even during periods dominated by loess deposition.
factor of 1.2 (20.5/17.2). Although this factor does not account , and fd l can be adjusted accordingly. Iteration can continue until the average of x l reaches a value close to x b .
Comparison of adjusted estimates
The adjustment of both sets of pedogenic susceptibility estimates improves their agreement significantly. If both sets of estimates were exactly the same, they would plot on a regression line with intercept 0, slope 1, and correlation coefficient 1. The original estimates correlate well (slope 0.99, r=0.997) (Fig. 6a) , but the intercept is negative (−5.96×10−8 m3 kg−1). We have shown in Sections 4.2.1 and 4.2.2 that the CBD procedure results in an overestimation of the pedogenic component while the mixing model estimates results in an underestimation. The adjustment of both sets of data does not change the already high correlation coefficient and slope, but it brings the intercept very close to the origin (−0.11×10−8 m3 kg−1), suggesting that the values are very similar and that they both represent good estimates of the pedogenic component (Fig. 6b ).
Magnetic mineralogy of the pedogenic component
In Fig. 7 , we compare our two estimates of the pedogenic susceptibility with the CBD-extractable iron (Fe d ). We find that we can divide the secondary iron into three components: (1) a part that is correlated with the estimate for the pedogenic susceptibility; (2) a part that does not carry a magnetic susceptibility; and (3) a part that is responsible for variations in the other two components. The first component is clearly the most important part in terms of interpreting a climate signal because it is directly related to pedogenesis. The second component is present in both loess and palaeosol samples and variability in the process of pedogenesis. It may also reflect the removal of lithogenic material by the CBD procedure. The first component is produced by pedogenesis on the loess plateau, and it carries the pedogenic susceptibility signal (Fig. 4) . To estimate the per cent of Fe d that is needed to produce sensitive to slight random errors in the measurements. To this susceptibility signal, we first observe that the pedogenic reduce these errors, the estimates of lithogenic susceptibility susceptibility increases by about 140×10−8 m3 kg−1 for a can be smoothed using a locally weighted least-squares curve 1 per cent increase in Fe d (Fig. 7) . We then calculate the approach with a 10 per cent smoothing population as shown contribution to the magnetic susceptibility for a 1 per cent in Fig. 5 . The removal of random variability by smoothing increase in Fe d resulting from pure magnetite or pure maghemite. does not remove the high-frequency variation of the mixing This contribution is equal to the inherent susceptibility of a model lithogenic component estimates not shown by the CBD ferrimagnetic material divided by the per cent of iron in the procedure. material (70 per cent for maghemite and 72 per cent for The adjustment of the mixing model component estimates magnetite). For larger grains of maghemite and magnetite, shows that the model can be employed without doing CBD the inherent susceptibilities are 40 000×10−8 m3 kg−1 and extractions, as both the pedogenic proportionality factor fd p 50 000×10−8 m3 kg−1, respectively. For superparamagnetic and the lithogenic proportionality factor fd l can be estimated grains, these values should be doubled (Maher 1998) or from pre-CBD magnetic susceptibility measurements. The increased several-fold (Worm 1998 ). determination of the former is described in Section 3.2. The
We can obtain a lower limit on the ferrimagnetic fraction latter can be estimated as described here. First, the components of Fe d by assuming that all of the pedogenic material is superare calculated using the frequency dependence per cent of the least weathered loess sample as a first approximation of fd l . paramagnetic and that the inherent magnetic susceptibility of Because the inherent susceptibilities of antiferromagnetic minerals are of the order of 50-100×10−8 m3 kg−1 their contribution to the pedogenic susceptibility is negligible compared with that of maghemite or magnetite.
Magnetic mineralogy of the lithogenic component
The concentrations of magnetic minerals carrying the lithogenic magnetic susceptibility component can be estimated from the magnetic susceptibility of magnetite, the magnitude of lithogenic magnetic susceptibility, and the amount of CBDresistant Fe. The CBD-resistant Fe represents 60-70 per cent of total Fe in loess, and 40-60 per cent in palaeosols (Fig. 1) , which is 1.3-2.5 per cent of the total mass of the sample. The magnetic susceptibility of this fraction is 9-28×10−8 m3 kg−1 (Fig. 5 ). This relatively low value indicates that most of this iron must be paramagnetic and probably occurs as primary iron silicates. Based on the concentrations of CBD-resistant iron and on the magnetic susceptibility of paramagnetic minerals (Thompson & Oldfield 1986), we estimate that the maximum contribution of paramagnetic minerals cannot exceed 2×10−8 m3 kg−1. The remaining magnetic susceptibility must come from lithogenic ferrimagnetic minerals, which in this case is relatively coarse-grained magnetite. Using the same procedure as in the previous section, we found that a 1 per cent concentration of iron in the form of coarse-grained magnetite would make a contribution of about 695×10−8 m3 kg−1 to the magnetic susceptibility. Thus, lithogenic magnetite can represent only about 2-3 per cent of the CBD-resistant Fe and 1-2 per cent of Fe t . overestimates the pedogenic component. The magnitude of the effect is moderately high in loess layers but almost negligible in palaeosols. As a result, there is almost no effect on the peak pedogenic susceptibilities, which are used for climatic intersuperparamagnetic grains is twice as high as that of larger grains.
pretations. A correction factor can be used to adjust for the In that case, the contribution to the magnetic susceptibility underestimation of the lithogenic component. By altering would be about 1140×10−8 m3 kg−1 for pure maghemite and the CBD procedure somewhat, it might be possible to reduce 1390×10−8 m3 kg−1 for pure magnetite, and about 10-12 per the magnitude of the effect. cent of the Fe d is needed to account for the pedogenic The mixing analysis also produces good estimates for the susceptibility. However, if magnetic susceptibility of superparapedogenic component, especially for the peak palaeosol values. magnetic grains is several times that of larger grains (Worm The estimates of the lithogenic component based on the mixing 1998), considerably less than 10 per cent of Fe d could account analysis show considerably higher variability than those based for the pedogenic magnetic susceptibility.
on the CBD procedure. For an upper limit, we assume that only half of the Both methods show a long-term decline in lithogenic magpedogenic material is superparamagnetic. In that case, the netic susceptibility with depth and hence with increasing ages contributions become 860×10−8 m3 kg−1 for maghemite and of the loess and palaeosols. This decline is probably due to 1040×10−8 m3 kg−1 for magnetite, and about 13-16 per cent more intense or prolonged periods of weathering associated of the Fe d is needed to account for the pedogenic susceptibility. with the formation of older soils. Thus, it appears that only about 10-15 per cent of the Fe d
These variations in lithogenic susceptibility show that a corresponds to pedogenic maghemite or magnetite. The single estimate of average lithogenic susceptibility should not remainder of the Fe d must correspond to the other class of be used to adjust the total susceptibility curve, and that the magnetic minerals removed by the CBD procedure, namely relationship between climate and magnetic susceptibility may antiferromagnetic minerals such as haematite and goethite. These minerals also contribute to the pedogenic susceptibility.
be more complex than has been generally assumed.
